Abstract. Strontium (Sr) is an alkaline earth metal that exerts the dual effect of improving bone formation and suppressing bone resorption, resulting in increased bone apposition rates and bone mineral density. However, the mechanisms through which Sr exerts these beneficial effects on bone have yet to be fully elucidated. The present study aimed to reveal the underlying molecular mechanisms associated with Sr-induced osteogenic differentiation. The effects of Sr on cell proliferation and osteogenic differentiation were analyzed by MTT assay, RT-qPcR, western blot analysis, alkaline phosphatase (ALP) and Alizarin red staining assays. The extent of autophagy was determined by monodansylcadaverine (Mdc) staining and western blot analysis of two markers of cellular autophagic activity, the steatosis-associated protein, sequestosome-1 (SQSTM1/p62), and the two isoforms of microtubule-associated protein 1 light chain 3 (Lc3), Lc-3-I/II. The expression levels of AMP-activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) were also detected by western blot analysis. Sr at a concentration of 3 mM exerted the most pronounced effect on osteogenic differentiation, without any apparent cell toxicity. At the same time, cellular autophagy was active during this process. Subsequently, autophagy was blocked by 3-methyladenine, and the enhancement of osteogenic differentiation in response to Sr was abrogated. Additionally, the phosphorylation level of AMPK was significantly increased, whereas that of mTOR was significantly decreased, in the Sr-treated group.
Introduction
Bone is a metabolically dynamic tissue that undergoes continuous renewal. The skeletal reconstruction process consists of bone resorption by osteoclasts, and bone formation by osteoblasts. The occurrence of resorption and formation ensures the basal bone metabolism, thereby maintaining bone homeostasis. Several factors, including systemic hormones, growth factors, minerals and trace elements, have been shown to routinely regulate the balance between these two processes. One of the trace elements involved in these processes is strontium (Sr), which has long been of particular interest due to its dual skeletal effects (1, 2) .
Strontium ranelate [RanSr; a strontium(II) salt with ranelic acid] has been demonstrated to function as a medication for postmenopausal osteoporosis (3) (4) (5) . This drug has been extensively used to inhibit massive bone loss (6) (7) (8) . Strontium (II) exhibits a dual mechanism of action, inhibiting bone resorption and stimulating bone formation. Although the beneficial effects of Sr on osteogenesis in different models have been corroborated by numerous previously published studies (1, 9, 10) , the mechanisms underpinning Sr action on bone reconstruction have yet to be fully elucidated; indeed, an incomplete understanding of the mechanism presents one of the major obstacles for the successful application of Sr in clinical practice.
Macro-autophagy (henceforth, referred to as autophagy) is known to be an ubiquitous intracellular degradation process through which cells protect themselves. during autophagy, the autophagosome, which contains dysfunctional proteins and futile macromolecules, fuses with a lysosome to form the autolysosome, where degradation occurs. In response to multiple stresses, such as nutrition deficiency, tumor formation or aging, autophagy tends to exert its function as a cell survival mechanism (11 (12, 13) . Furthermore, emerging evidence has suggested that AMP-activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) are crucial for autophagy (14) (15) (16) . The present study aimed to investigate the interaction between Sr-inducing osteogenic differentiation and autophagy. The underlying mechanisms, and the connection of the AMPK/mTOR signaling pathway with this process, were also explored in this study.
Materials and methods
Cell culture. Mc3T3-E1 osteoblastic cells (subclone 14) were purchased from the National Infrastructure of cell Line Resource (no. 3131c0001000300015) and routinely cultured at a density of 10 5 cells/well in Hyclone™ α-modified Eagle's medium (α-MEM) (Thermo Fisher Scentific, Inc.) supplemented with 10% (v/v) Gibco™ fetal bovine serum (FBS) (Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 g/ml streptomycin (Sigma-Aldrich; now a brand of Merck KGaA) at 37˚C. To induce differentiation, the cells were cultured in osteoinductive medium comprising α-MEM, 10% FBS, 1% penicillin-streptomycin, 10 mM β-glycerophosphate and 100 µg/ml ascorbic acid. For the experimental group, 3 mM Srcl 2 (Merck KGaA) was dissolved in normal saline before being added to medium, and the cells were incubated for a different number of days (3, 7 or 21 days). cells grown in osteoinductive medium containing the identical components, but without Sr, were used the negative control.
MTT assay. cell proliferation was assessed by MTT assay, according to the manufacturer's protocol (Nanjing KeyGen Biotech co., Ltd.). The cells (5x10 3 /ml) were seeded into 96-well plates. Following 24 h of incubation at 37˚C, various concentrations of Sr (0, 3, 6, 12, 24, 48, or 96 mM) were added to the cells. After a further 72 h, the absorbance of the cells was measured at 490 nm on a microplate reader (Synergy™ 2; BioTek Instruments, Inc.).
Alkaline phosphatase (ALP) staining and Alizarin red staining.
For the analysis of mineralization, the Mc3T3-E1 cells (5x10 4 cells/well) were seeded into 6-well plates. Following 24 h of culture at 37˚C, various concentrations of Sr (i.e., 3, 6 or 12 mM) were added to the wells. ALP activity was determined after a further 7 days by staining with 5-bromo-4-chloro-3-indolyl phosphate (BcIP)/nitro blue tetrazolium (NBT/ALP) dyeing fluid for 30 min at room temperature (Beyotime Institute of Biotechnology, Haimen, china). Mineralized nodules were stained with Alizarin Red solution (Merck KGaA) for 30 min at room temperature after 21 days.
RT-qPCR.
Mc3T3-E1 cells (5x10 4 cells/well) were seeded in 12-well plates. Following 24 h of culture at 37˚C, various concentrations of Sr (3, 6 or 12 mM) were added to the wells, and the cells were cultured for 72 h. Total RNA was extracted using Invitrogen ® TRIzol™ reagent (Thermo Fisher Scientific, Inc.). A Nanodrop™ 2000c spectrophotometer (Thermo Fisher Scientific, Inc.) was used to quantity the concentration of total RNA. Aliquots (2 µg) of total RNA were employed in RT reactions using a FastQuant RT Super Mix kit (TianGen Biotech co., Ltd., Beijing, china). RT-qPcR using the Stratagene ® MX3005P system (Agilent Technologies, Inc.) was performed using SuperReal PreMix Plus (SYBR-Green; TianGen Biotech Co., Ltd.) according to the manufacturers' protocol. The thermal conditions were as follows: 95˚C for 15 min, followed by 40 cycles at 95˚C for 15 sec, 60˚C for 20 sec and 72˚C 20 sec. The expression levels were normalized to GAPdH. The data obtained were analyzed using the 2 -ΔΔcq method, where Δcq is the value from the threshold cycle (cq) of the treated sample subtracted from the cq value of control samples (17) . The primers used in the present study were obtained from General Biosystems and were as follows: Runt-related transcription factor 2 (RUNX2) forward, 5'-GCT ATT AAA GTG ACA GTG GAC GG-3' and reverse, 5'-GGC GAT CAG AGA ACA AAC TAG G-3'; osteocalcin (OCN) forward, 5'-AAG CAG GAG GGC AAT AAG GT-3' and reverse, 5'-CAA GCA GGG TTA AGC TCA CA-3'; and GAPDH forward, 5'-CGT CCC GTA GAC AAA ATG GT-3' and reverse, 5'-AAT GGC AGC CCT GGT GAC-3'.
Western blot analysis. The Mc3T3-E1 cells were plated in 12-well plates at a density of 5xl0 4 cells/well and treated with Sr (3, 6 or 12 mM) for 3 days. The cells were then lysed with SdS lysis buffer (Nanjing KeyGen Biotech co., Ltd., Nanjing, china). Equal amounts of protein were resolved by SdS-PAGE, and the 10% gels were transferred to PVdF membranes (Merck KGaA) using a semi-dry transfer method. The membranes were blocked in 5% non-fat milk in TBS/0.05% Tween-20 at room temperature for 2 h. Subsequently, the blocked membranes were incubated with the appropriate specific primary antibody overnight at 4˚C. Primary antibodies against the following targets were used: OcN antibody (polyclonal, rabbit anti-mouse, 1:1,000 dilution, cat. no. dF12303, Affinity Biosciences); sequestosome-1 (SQSTM1/p62) antibody (polyclonal, rabbit anti-mouse, 1:1,000, cat. no. AF5384, Affinity Biosciences); microtubule-associated protein 1 light chain 3 (Lc3) A/B (d3U4c) rabbit mAb (polyclonal, rabbit anti-mouse, 1:1,000, cat. no. 12741, cell Signaling Technology, Inc.); mTOR antibody (polyclonal, rabbit anti-mouse, 1:1,000, cat. no. AF6308, Affinity Biosciences); phospho-mTOR (Ser-2448) antibody (polyclonal, rabbit anti-mouse, 1:1,000, cat. no. AF3308, Affinity Biosciences); AMPK1 antibody (polyclonal, rabbit anti-mouse, 1:1,000, cat. no. AF6422, Affinity Biosciences); phospho-AMPK-α (Thr-172) antibody (polyclonal, rabbit anti-mouse, 1:1,000, cat. no. AF3423, Affinity Biosciences); tubulin antibody (polyclonal, rabbit anti-mouse, 1:2,000, cat. no. AF7011, Affinity Biosciences). The membranes were then incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (cat. no. S0001; Affinity Biosciences) at a concentration of 1:10,000 for 1 h at room temperature. Signals were detected with Immobilon™ Western chemiluminescent HRP substrate (Merck KGaA) using the chemidoc XRS + imaging system (Bio-Rad Laboratories, Inc.). ImageJ software (National Institutes of Health, v 1.8.0) was used to analyze protein band intensity. All the western blot analysis experiments were repeated 3 times independently.
Monodansylcadaverine (MDC) staining.
Mc3T3-E1 cells (10 5 cells/well) were plated in 6-well plates and treated with 3 mM Sr. The cells were cultured with osteogenic medium for 3 days at 37˚C, and were then stained with MDC for 45 min at room temperature (Nanjing KeyGen Biotech co., Ltd.) according to the manufacturer's protocol. The fluorescence of the wells containing the attached cells was measured using a fluorescence microscope (512 nm emission wavelength; Nikon corp.). The presence of acidic vesicles, indicating the activated autophagosome, was determined by measuring the level of green fluorescence.
Treatment with 3-methyladenine (3-MA).
3-MA (100 mM; Merck KGaA) was dissolved in DMSO and stored at -20˚C prior to use. The stock was heated to 65˚C in order to obtain a clear solution, and subsequently diluted with α-MEM. Prior to 3-MA treatment, the Mc3T3-E1 cells were cultured in 12-well plates at 37˚C until they reached ~80% confluence, and 10 mM 3-MA were added to the cells and continued to culture for 6 h. Following pre-incubation of 3-MA, osteoinductive medium with or without 3 mM Sr was added. The cells were subsequently incubated for an additional 3 days.
Treatment with dorsomorphin (compound C)
. AMPK inhibitor compound c was purchased from Selleck chemicals, dissolved in DMSO (1 mM), and stored at -20˚C prior to use. The stock was diluted to 5 µM with α-MEM. The Mc3T3-E1 cells were cultured in 12-well plates at 37˚C until they reached ~80% confluence, and were then pre-incubated with 5 µM compound c for 12 h. Following pre-incubation, osteoinductive medium with or without 3 mM Sr was added. The cells were subsequently incubated for an additional 3 days.
Statistical analysis.
All the results are expressed as the means ± Sd for a minimum of 3 independently performed experiments. All data were analyzed using GraphPad Prism 7.0 software (GraphPad Software, Inc.). Statistical analysis was performed using either a two-tailed Student's t-test or one-way ANOVA followed by post-hoc Tukey's test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of Sr on the viability of MC3T3-E1 cells.
The effects of Sr at a wide concentration range on the viability of the Mc3T3-E1 cells was investigated by MTT assay. As shown in Fig. 1 , there was no significant effect on cell viability observed when the cells were treated with 3-12 mM Sr for 3 days. However, the exposure of Mc3T3-E1 to >24 mM Sr markedly decreased the viability of the cells. As the viability of the Mc3T3-E1 cells was markedly decreased upon exposure to high levels of Sr, the safe range of concentrations of Sr to be administered were selected to be 3-12 mM for use in subsequent experiments to observe the osteogenic differentiation of Mc3T3-E1 cells.
Effect of Sr on the osteogenic differentiation of MC3T3-E1 cells.
Several assays were applied to examine the effects of treatment with a low concentration of Sr on osteogenic differentiation. First, the expression of genes associated with osteogenic differentiation, namely RUNX2 and OcN, was assessed by RT-qPcR. As shown in Fig. 2A and B, treatment with 3 mM Sr significantly increased the expression of both genes. The protein level of OcN was correspondingly increased under 3 mM Sr treatment ( Fig. 2c and d) . Although Sr at the concentrations of 6 and 12 mM exerted no toxic effects on cell growth in the previous experiments shown above, these concentrations had no marked effect on RUNX2 expression compared to the control and suppressed the expression of OcN. In addition, similar trends were observed based on the experiments involving ALP staining and Alizarin Red staining. Following 7 days of Sr treatment, the Mc3T3-E1 cells exhibited the highest ALP activity at the concentration of 3 mM Sr compared with the other groups (Fig. 2E) . The Alizarin Red staining results revealed that the cells treated with 3 mM Sr exhibited the optimal quantity and intensity of color (Fig. 2F) . Taken together, these experiments revealed that 3 mM Sr elicited the most pronounce effects on the osteogenic differentiation of Mc3T3-E1 cells; therefore, 3 mM Sr was selected for use in subsequent experiments.
Autophagy participates in the process of Sr-induced osteogenic differentiation. Two markers for cellular autophagic activity, the two isoforms of Lc3, Lc3-I/II, and SQSTM1/p62, were used to examine the effects of autophagy on Sr-mediated osteogenic differentiation. The essential autophagy-associated protein, SQSTM1/p62, functions as an ubiquitin-binding protein, and is degraded during selective autophagy progression. Upon the induction of autophagy, Lc3-I becomes acylated (i.e., it is converted into Lc3-II), and inserts itself into the autophagosomal membrane (18) . In the present study, based on the western blot analysis experiments, the conversion rate of LC3-I into LC3-II was significantly increased, and this represents the most critical event in autophagosome formation ( Fig. 3A and B ). Simultaneously, the expression level of SQSTM1/p62 was significantly decreased (Fig. 3A and C) , and this protein is involved in autolysosome degradation (18) . To corroborate the current results, the cells were also stained with MDC. These results confirmed that the fluorescent Sr-treated cells exhibited a more obvious punctate shape, which corroborated the protein expression results (Fig. 3d) .
Inhibition of autophagy suppresses Sr-induced osteogenic differentiation. 3-MA has been shown to inhibit the progression of autophagy by blocking autophagosome formation via the inhibition of the type III phosphoinositide 3-kinase (PI3K) (19) . Thus, in this study, to further confirm whether autophagy is involved in the Sr-induced osteogenic differentiation, the Mc3T3-E1 cells were incubated with 10 mM 3-MA for 6 h prior to the addition of 3 mM Sr. As shown in Fig. 3A-c,  3 -MA successfully suppressed the autophagy of the Mc3T3-E1 cells with/without Sr. Subsequently, osteogenic parameters were measured in order to demonstrate the osteogenic conditions upon treatment with 3-MA. These results indicated that treatment with 3-MA alone exerted no significant effect on osteogenic differentiation. However, the osteogenic differentiation induced by Sr was inhibited in the presence of 3-MA. Additionally, no significant differences were noted with regard to the expression levels of RUNX2 and OcN, the activity of ALP, and the formation of mineralized nodules in the 3-MA + Sr experimental group compared with the control group (i.e., the cells cultured only with osteogenic media) (Fig. 4) .
Sr-induced autophagy is activated by the AMPK/mTOR signaling pathway.
Finally, the molecular mechanisms involved in the association between Sr-induced osteogenic differentiation and autophagy was explored. To meet this aim, the AMPK/mTOR pathway following Sr treatment was investigated. As shown in Fig. 5 , compared with the control, the phosphorylation level of AMPK was significantly increased in the cells exposed to 3 mM Sr for 3 days. The higher ratio of phosphorylated AMPK to AMPK suggested the activation of autophagy. In addition, a low phosphorylation level of molecular mTOR downstream was observed in the 3 mM Sr-treatment group, which was consistent with the AMPK results. To further investigate the role of the the AMPK/mTOR signaling pathway in Sr-induced autophagy, the AMPK inhibitor, compound c, was used in the subsequent experiments. The results of western blot analysis revealed that pre-incubation with compound c markedly inhibited the phosphorylation level of AMPK and blocked the formation of Lc-3 II (Fig. 6A-d) . The conversion of Lc3-I into Lc3-II, which represents inhibition of Sr-induced autophagy, was not observed. Moreover, the expression level of OCN was significantly decreased in the MC3T3-E1 cells upon treatment with compound c (Fig. 6E) . Taken together, these data indicate that the AMPK/mTOR pathway is involved in the mechanisms through which Sr induces autophagy and the osteogenic differentiation of Mc3T3-E1 cells.
Discussion
In the present study, the toxic effects of various concentrations of Sr (3-96 mM) on Mc3T3-E1 cells were investigated, and the experiments confirmed that Sr at the concentration range of 3-12 mM exerted no marked effect on cell viability, whereas as the concentration increased, a toxic effect on the cells was noted. The results of the RT-qPcR, western blot analysis, ALP and Alizarin Red staining also confirmed the effects of Sr on osteogenic differentiation and mineralization, and these were consistent with recently published studies (20, 21) . Previous studies have reported that Sr is able to positively modulate osteogenic differentiation at concentrations ranging from 1-10 mM (22, 23) . In the present study, the RT-qPcR results of cells treated with 1 mM Sr exhibited no significant changes in osteogenic differentiation compared with the control (Fig. S1 ). combining the PcR, western blot analysis and Alizarin Red staining results, it was possible to confirm that 3 mM Sr plays a positive role in the osteogenic induction of Mc3T3-E1 cells. In addition, the activity and differentiation of cells at concentrations of Sr of 6 and 12 mM were not as effective as that in the 3 mM Sr-treatment group. On the basis of these data, 3 mM Sr was therefore selected as the appropriate concentration of Sr, whereas concentrations of Sr >12 mM could be toxic to cells.
during the course of the past decade, an increasing number of studies have reported on the development of Sr utilization, including pharmacological induction and biomaterial substitution studies (3, 24, 25) . Evidence from in vitro and in vivo studies have shown that Sr may promote osteogenic differentiation and mineralization in the dental pulp via PI3K/Akt signaling (26, 27) . In addition, Wnt/β-catenin signaling has been shown to mediate the protective effects of Sr in mice (28) (29) (30) . Although the beneficial effects of Sr have been demonstrated in numerous studies (1, 9, 10) , no drug comprising Sr has yet been approved by the Food and drug Administration for osteoporosis treatment in the USA (4, 20, 31) . during the year 2014, Sr also lost its pre-eminent status in the European Medicines Agency owing to the mounting concerns regarding the occurrence of cardiovascular events associated with its long-term use (32) . As previously reported by Atteritano et al a 12-month treatment with Strontium Ranelate did not alter hemostasis factors or markers of cardiovascular risk (33) . The precise mechanisms of the drug-induced effect on the cardiovascular risk is complex and requires further investigation in the future. currently, Sr is only cautiously allowed to be administered in the treatment of severe osteoporosis. However, the balance between treatment benefits and side-effect risk should always be considered in drug application. Therefore, research into the molecular mechanisms of Sr is urgently required in terms of its clinical application.
Autophagy is an evolutionarily conserved cellular pathway mediating cell metabolism under different conditions (34, 35) . In addition to the function of autophagy in cellular metabolism, survival and death, emerging evidence has suggested an association between autophagy and cell development (35) (36) (37) . Liu et al (36) demonstrated that the suppression of autophagy did lead to osteopenia in mice via the inhibition of osteoblast differentiation. The activation of autophagy by Forkhead box O3 (FOXO3) has been reported to regulate redox homeostasis during osteogenic differentiation (37). Kang et al (38) reported that a deficiency in autophagy may impair chondrogenesis via the PERK-ATF4-cHOP axis. Furthermore, lipopolysaccharide-induced autophagy plays an important role in osteoclastogenesis (39) . An exploration of the observed effects of autophagy and Sr in the literature stimulated our investigation of the autophagy levels in Sr-treated Mc3T3-E1 cells in the present study. The results of Lc-3 I/II conversion, SQSTM1/p62 expression, and Mdc staining in our study suggested that the autophagic process may be activated during Sr-induced osteogenic differentiation. In addition, the expression levels of LC-3 II were significantly decreased in the 6-12 mM Sr-treated cells, indicating that autophagy was not activated (Fig. S2) . These results may help to account for the osteogenic differentiation results determined previously with the high-dose Sr group. The osteogenic differentiation induced by Sr was attenuated when the cell autophagy was inhibited by 3-MA. Taken together, these data suggest that autophagic events in Mc3T3-E1 cells are essential in terms of the Sr-induced osteogenic differentiation process.
It has been well established that AMPK plays a critical role in the regulation of osteogenic differentiation (40) (41) (42) . Several studies have demonstrated that pharmacological AMPK activators induce the osteogenic differentiation and mineralization of osteoblastic cell lines and bone marrow progenitor cells, whereas AMPK gene knockdown can reduce bone mass in mice (43) (44) (45) . It is noteworthy that AMPK has also been shown to be a well-established regulator in autophagy via the inhibition of mTOR (14, (45) (46) (47) . In vitro studies have reported crosstalk between the processes of osteogenic differentiation and autophagy in human mesenchymal stem cells mediated via the AMPK/mTOR signaling pathway (14, 46) . In the present study, the phosphorylation level of AMPK in the Sr-treated cells was observed to increase, suggesting that the activation of the autophagy process had occurred. In addition, low phosphorylation levels of molecular mTOR downstream were observed in the induction group, which remained consistent with the preliminary results. As it had already been observed that compound c could inhibit AMPK phosphorylation, the western blot analysis results revealed the occurrence of reduced autophagy and decreased osteogenic differentiation in cells upon treatment with both compound c and Sr. Therefore, it is evident that the AMPK/mTOR pathway is a pivotal regulator involved in Sr-induced autophagy and osteogenic differentiation. However, opposite results have also been reported, i.e. that mTOR1 signaling promotes the maturation and differentiation of pre-osteoblasts (47) . The reason(s) for such a discrepancy remains unclear, although there are two types of mTOR complexes (mTORc1 and mTORc2) that possess different characteristics, and the mTOR signal pathway may play distinctly different roles during different stages of osteoblast differentiation.
In conclusion, the findings of the present study demonstrate that the AMPK/mTOR signaling pathway is involved in the mechanisms of the autophagy process associated with the Sr-induced osteogenic differentiation of Mc3T3-E1 cells. Further clarification of the Sr mechanism associated with autophagy may provide novel opportunities for both drug development and a proper clinical application for bone regeneration.
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